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3 / 2 0 1 6 sludge production and possibility of the effluent reuse [2] . Despite its advantages, there is a membrane-fouling problem in MBR system due to organic colloids and extracellular polymer substances (EPS), which decreases the performance and increases the total cost of the system [3] . A good aeration conditions are required to prevent fast membrane fouling and COD removal. Subsequently, if total nitrogen removal is considered by biological means, an additional operation unit is constructed having anoxic conditions for nitrates denitrification. Nitrification and denitrification are two important steps in biological process to convert ammonia to nitrogen gas. In nitrification process, ammonia nitrogen is converted to nitrate nitrogen and the level of nitrate in the effluent increases: Firstly, Nitrosomonas microorganisms are responsible for converting ammonia to nitrite when O 2 is electron acceptor: 2 NH 4 + + 3O 2 => 2NO 2 -+ 4H + + 2H 2 O
Then, Nitrobacteria transfer nitrite to nitrate:
Temperature, pH and chemicals in wastewater affect nitrification process [4] . High ORP (high dissolved oxygen, DO) has to be maintained for autotrophic nitrification process. Contrary, denitrification requires anoxic conditions. In denitrification stage, nitrate acts as electron acceptor and nitrate is converted to nitric oxide, nitrous oxide and then nitrogen gas. Subsequently, nitrates are removed in different way than MBR.
On other hand, the most advanced progress in biological wastewater treatment in recent years has been achieved through growth of anammox (anaerobic ammonia oxidation) bacteria. It is a microbial process which eliminates nitrogen species following the subsequent reactions:
Anaerobic transformation of ammonium and nitrite to dinitrogen gas is defined as anammox process. In this method, nitrifying bacteria converts ammonium to nitrite and in the second step nitrite is converted to dinitrogen while ammonium is an electron donor [5] .
Anammox process was applied to reduce operating costs [6] and greenhouse gas emissions compared to a conventional BNR process [7] . Anammox was used in high and low temperature ranges [8] . As an example, anammox was tested in a continuous stirred tank reactor (CSTR) fed by ammonium and nitrite, while at 35°C, pH of 8-8.2 and 0.4-0.6 mg/L dissolved oxygen (DO), the ammonium removal efficiency reached 79% and 90% after 46 days and 511 days, respectively [9] . This study confirmed how slow anammox's growth is. Anammox process in the systems with granular sludge such as upflow aerobic sludge blanket (UASB) has also satisfactory results including low HRT and long and constant SRT. The problem of these systems is long start-up because of granular formation after passing the distributor part as well as clogging and floc forming on the pores, which decrease the mass transfer [10] . Anammox bacteria might grow in other types of reactors such as anaerobic biological filtrated reactor, continuous stirred-tank reactor, sequencing batch reactor (SBR), up-flow and biofilm reactor, biofilm reactors, fixed bed reactor, fluidized bed reactors, and gas lift reactor. Anammox bacteria demonstrated faster growth in membrane bioreactor [11] indicated by connecting of a non-woven membrane module with an anaerobic reactor, where the formation of anammox was improved. The anammox non-woven membrane reactor (ANMR) showed high biomass retention ability inside of the non-woven membrane. In this study, anammox bacteria are applied to a novel submerged membrane electro-bioreactor (SMEBR). This membrane reactor was designed in a way, which permitted to create aerobic and anaerobic/anoxic conditions in the same vessel; no construction of additional operation units was required. SMEBR is featured by a compact hybrid vessel, where biological processes, membrane filtration and electrokinetic phenomena take place simultaneously. It was previously tested for COD and ammonia removal through oxidation process [12, 13, 14, 15] in lab and pilot scales. Alternatively, submerged membrane electro-bioreactor (SMEBR) was applied to increase nitrate removal and decrease membrane fouling [14, 16, 17] . SMEBR featured by biological process, membrane filtration and electrokinetics in a single reactor showed also a high COD, metals and phosphorous removal, and simultaneously, decreasing membrane fouling [14, 16, 18, 19] . SMEBR also showed that simultaneous nitrification and denitrification processes happen due to creating alternately aerobic and anoxic conditions by providing adequate direct current density (CD) and dissolved oxygen (DO). [14] 
METHODOLOGY
In this study, an advance nitrate elimination through increase of ammonia removal was investigated. Since anammox bacteria make a shortcut in the nitrogen cycle to remove ammonia. Considering that it was the first application of anammox into membrane electrobioreactor, the additional objectives were formed: a) conduct a comparative study between MBR and Anammox-SMEBR with respect to removal of ammonia and nitrates; b) conduct bioaugmentation of anammox bacteria. Anammox bacteria were proven to be an effective method to eliminate ammonium from wastewater; however, their growth was found to be very slow. Subsequently, an additional operation unit was constructed to conduct bioaugmantation of anammox for a 10 month period before they were supplied to SMEBR. Anammox system resulted in a satisfactory outcome of 99% removal of ammonia before the reactor content was applied into SMEBR. The study consisted of phases where performances of MBR and Anammox-SMEBR were tested and compared during almost 50 days (Fig. 1) . Both reactors were fed with the same synthetic wastewater while co-culture in mixed-liquor suspended solids (MLSS) and dissolved oxygen (DO) were the influencing factors and they underwent optimization process. The same membrane module (UF hollow fiber, Microza, Japan), ambient temperature (21°C), SRT = 20 days and HRT = 24 h were applied in all tests. Both reactors had a volume of 14 L (Fig. 1) . The synthetic wastewater was composed of: glucose, ammonium sulfate (100 mg/L), potassium phosphate (37 mg/L), magnesium sulfate (40 mg/L), manganese sulfate (4.5 mg/L), iron sulfate (0.4 mg/L), calcium chloride (4 mg/L), potassium chloride (25 mg/L) and sodium bicarbonate (25 mg/L).
Furthermore, in SMEBR system, activated sludge treatment with membrane filtration was related to an electrical direct current (DC) field initiated by system of electrodes placed around the membrane module. Such system produced aluminum hydroxides through dissolution of the anode. Over almost 50 days of operation showed that decreasing DO and increasing current density (CD), the removal rate in Anammox-SMEBR increased. During the first stage, half of MLSS was exchanged with a content of separate anammox reactor. In the second stage all volume MLSS was exchanged. The best results were achieved when DO = 0.7 mg/L and intermitted CD = 14.5 A/m 2 were applied. This current density allowed pH to remain between 7 and 8 and maintain high microbial activity. Due to above mentioned operation conditions, ammonium was directly oxidized to nitrogen gas instead of going through denitrification process. In this process nitrites performed as an electron acceptor (Eq. 8). Consequently, oxidation-reduction potential (ORP) levels were considered as an important parameter for removal of various forms of nitrogen in a single reactor. Maintaining ORP in an adequate level let the system fluctuate between the anaerobic, anoxic and aerobic conditions to create suitable conditions for the bacteria which participate in nitrogen removal.
RESULTS
In Anammox-SMEBR system, nitrifiers transformed ammonia to nitrite and then anammox bacteria use the remaining nitrite to transform ammonia directly to nitrogen gas. The main advantage of Anammox-SMEBR system was applying aerobic and anoxic conditions alternately with a full control of both electrical current and oxygen distribution. At long run, a hybrid Anammox-SMEBR system permitted for simultaneous activities of anammox, nitrifiers and denitrifiers in the same reactor. The first phase and first stage of research which included a conventional MBR, the ammonia removal was not more than 65% (Fig. 2) . In the second stage of phase 1 after 20 days, the ammonia removal level reached 73% at the DO concentration around 6.5 mg/L (Fig. 2) . The fluctuation of the DO level, negatively affected ammonia removal in MBR system; for example, after reducing the level of DO from 6.5 to less than 4 mg/L in the first stage of MBR, ammonium removal efficiency was decreased by 50%. When the level of aeration was increased to 6.5 mg/L, the results were not changed even after two weeks. Then, in second stage, when new activated sludge was applied to the MBR system, maximum level of ammonium removal reached 75.9%. Thus, MBR was able to decrease ammonia from around 28 mg/L (influent) to as low as 7 mg/L (effluent) through the bio-oxidation (nitrification) process. Such nitrification produced nitrates proportionally to ammonia removal. Nitrate concentrations stabilized around 12 mg NO 3 -N/L in the final stage of tests (Fig. 3) . However, since the objective of the study was removal of ammonia and nitrates, the Anammox-SMEBR system was implemented. Since operation conditions play an important role for ammonia and nitrate removal, various operation conditions were tested with respect to DO, MLSS and CD. The goal of all of these steps was to improve both ammonia and nitrate removal.
In the first stage of the Anammox-SMEBR, where MLSS contained a half of anammox reactor volume, the ammonia concentration decreased in effluent to 4 mg/L (Fig. 2) . In the second stage, with a higher biomass of anammox and lower DO concentration, the removal of ammonia reached 97% with concentrations less than 1 mg NH 4-N/L (Fig. 2) .
Simultaneously, the removal of nitrates reached 95.2% in Anammox-SMEBR with concentration less than 0.5 mg NO 3 -N/L (Fig. 3) . Furthermore, the analysis of effluents also showed high removals of COD and phosphorous. Total nitrogen removal was higher in the Anammox-SMEBR (>90%), while, nitrite was not accumulating in the reactor as it was consumed directly along with ammonium when the system run under anaerobic conditions and anammox bacteria was stimulated.
Comparison between MBR and Anammox-SMEBR with respect to simultaneous removals of ammonia, nitrates, COD and phosphorous are as follow: -the removal of ammonia was 97.0 and 75.9% in Anammox-SMEBR and MBR, respectively; -the removal of nitrate (95.2%) was observed in Anammox-SMEBR only; -the removal of COD by 99.87 and 91.3% was detected in Anammox-SMEBR, and MBR, respectively. The COD removal in the electro-bioreactor was higher mainly due to the additional elimination of colloidal and soluble organic materials through electrocoagulation process; -the removal of phosphorus was 99.91 and 65% in Anammox-SMEBR and MBR, respectively. The phosphorous removal in conventional MBR is usually much lower if coagulants are not applied. High level of ammonia removal in Anammox-SMEBR at a low air flow made it a good option comparing to other available methods; then, the energy consumption would be decreased [20] . Anammox replaces the conventional denitrification stage completely saving half of the nitrification aeration costs [7] . Subsequently, anammox submerged electro-bioreactor is a new solution for wastewater treatment which includes nutrient removal.
CONCLUSION
A novel Anammox submerged membrane electrobioreactor was developed to enhance nitrogen removal from municipal wastewater. Lab scale continuous flow reactor off 14 L permitted to remove nitrate and ammonia by over 95% and 97%, respectively. The removal was due to application alternately of aerobic and anoxic conditions in the same reactor. SMEBR consisted of a UF membrane module, a pair of electrodes and a series of diffusors that supplied dissolved oxygen adequately to MLSS and current density. The analysis of effluent also found that COD and phosphorous were removed by 99.87 and 99.91%. However, MBR was able to remove ammonia by between 60 to 76% in addition to phosphorous and COD by 65% and 91%, respectively. Nitrate was built up in MBR due to nitrification process; no nitrates removal was observed
